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1
ENERGY STORAGE DEVICE

This application is the U.S. national phase of International
Application No. PCT/AU2007/001916 filed 12 Dec. 2007
which designated the U.S. and claims priority to Australian
Patent Application No. 2006906932 filed 12 Dec. 2006, the
entire contents of each of which are hereby incorporated by
reference.

BACKGROUND OF THE INVENTION

The present invention relates to energy storage devices,
including lead-acid batteries, as well as electrodes and energy
storage devices comprising such electrodes.

There is growing demand for batteries that enable high
current to be drawn from the battery at various stages of
operation, whilst being able to supply a lower, longer term
current for other stages of operation. Such batteries are also
required to be able to be recharged efficiently at high and low
recharge rates. Applications for such batteries include use in
conventional car battery applications, electric and hybrid
electric vehicles, battery-powered vehicles such as forklift
trucks, renewable energy applications such as solar panels
and wind turbine where auxiliary battery power is required to
smooth out power supply, and standby power applications
such as UPS.

Whilst there have been many significant advances in the
development of new batteries and power networks for vehicle
and other applications, such batteries still suffer from a num-
ber of problems.

In all of these batteries, different demands are placed on the
battery in terms of the current drawn from and recharged to
the battery at various stages of operation. In the case of
vehicle applications, as one example, a high rate of discharge
is needed from the battery to enable acceleration or engine
cranking in electric and hybrid electric vehicles, respectively.
A high rate of recharging of the battery is associated with
regenerative braking. In such high rate operations (and in high
rate charging in other applications for the batteries) the bat-
tery preferably needs to be able to supply the high rate of
discharge over a period of 1 minute or more.

In early stage lead-acid batteries used in these applications,
failure of the battery tended to occur at the negative plate, as
a result of progressive accumulation of lead sulphate on the
surfaces of the negative plates. This occurs because the lead
sulphate cannot be converted efficiently back to sponge lead
during high rate recharging. Eventually, this layer of lead
sulphate develops to such an extent that the effective surface
area of the plate is reduced markedly, and the plate can no
longer deliver the higher current demanded from the automo-
bile. This significantly reduces the potential life span of the
battery.

Recent improvements in the negative plates of such batter-
ies has improved the situation to an extent that now the posi-
tive plates of the battery are likely to fail before the negative
plates. It is therefore an object to improve the lifespan of the
positive plates, and to further develop high performance bat-
teries that make use of these improvements. There is also a
need for modified batteries, such as lead-acid batteries, that
generally have an improved life span and/or improved overall
performance compared to current batteries.

SUMMARY OF THE INVENTION

According to the present invention there is provided an
energy storage device comprising:
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at least one negative electrode, wherein each negative elec-
trode is individually selected from:
(1) an electrode comprising negative battery electrode
material;
(ii) a capacitor negative electrode;
(iii) a mixed electrode comprising either
a mixture of battery and capacitor electrode material
or
a region of battery electrode material and a region of
capacitor electrode material, or
a combination thereof,
and wherein the energy storage device either com-
prises at least one electrode of type (iii), or com-
prises at least one electrode of each of types (i) and
(iD),
at least one positive electrode,
wherein the positive electrode comprises positive bat-
tery electrode material and a charging ability-in-
creasing additive.

It has been identified and shown by the applicant that the
inclusion of a charging-ability increasing additive in the posi-
tive battery electrode material (typically adding during posi-
tive paste mixing), makes it is possible to increase the lifespan
of the positive plate so as to be more closely matched to that
of'the negative plate—which itselfhas a longer life as a result
of the electrode types used (which includes capacitor elec-
trode material for high rate charging and discharging). Ide-
ally, both electrode types are balanced so that the positive and
negative plates fail at about the same time—although of
course there will be occasions where failure will occur at one
polarity before the other.

Charging ability refers to the ability of the given electrode
to receive charge (during charging) and able to provide (dur-
ing discharge) similar amount of charge. This is usually mea-
sured by reference to the ratio of electric quantity (e.g.,
ampere hour) input to (i.e., charge) and output from (i.e.,
discharge) the electrode (called charge-to-discharge ratio). In
the ideal situation, the charge-to-discharge ratio of an elec-
trode is 1. In practice, the charge-to-discharge ratio of the
electrode is usually greater than one because some of the
charge quantity received by the electrode during charge will
lost due to heating and gassing under repetitive charge and
discharge action. A test for identifying whether or not a given
additive has charging ability-increasing properties is set out
in the examples. This involves cycling the energy storage
device through a charge profile to simulate standard operation
of the device, and assessing the number of cycles achieved
before a cutoff value is reached.

The charging ability of the positive lead dioxide electrode
is also influenced by the following factors.

(1) Electrolyte Concentration

Decreasing the electrolyte concentration will increases
the charging ability of the positive lead dioxide elec-
trode. The specific density of sulphuric acid electro-
Iyte used in manufacturing lead acid based energy
storage devices of the present invention is suitably
between 1.26-1.32.

(i) Plate Conductivity

As mention above, during charge and discharge, part of
charge received will transform to heat and gassing
and, therefore, increasing the conductivity of the plate
(electrode) material will reduce the heating effects.
This can be achieved by:
increasing the paste density of the positive lead diox-

ide electrode: previously densities of 3.8 to 4.3
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g/cm® were used, but here a density of from 4.2 to
4.7, suitably 4.4 to 4.7 g/cm® gives better results;
and

reducing electrode thickness by using a thin grid (op-
timally from 0.8 to 2.2, such as 0.8 to 1.2 mm).

These factors can be applied as well as adding one of the
identified charging ability-increasing additives to the
positive battery electrode material through paste mix-
ing.

These factors are not essential. Generally, the plate den-
sity can be between 4.0-4.7 g/cm>, and the grid thick-
ness can be 0.8-6 mm thick.

(iii) Oxygen-evolution Rate
As mentioned above, during charge and discharge, part

of charge received will transform to heat and gassing.
Increasing electrode conductivity can minimize the
heating, but not gassing. For the latter, oxygen-sup-
pressing additives can advantageously be added to the
positive plate material during paste mixing.

The effect of acid concentration on the charging ability of
the positive lead dioxide electrode will be explained in detail
in the Examples. The lead dioxide reacts with sulfuric acid
and is converted to lead sulfate during discharge. Accord-
ingly, the concentration of sulfuric acid solution decreases.
On the other hand, the lead sulfate reacts with water and forms
lead dioxide during charge. Consequently, the concentration
of sulfuric acid increases. The conversion of lead sulfate to
lead dioxide during charging is faster in acid solution with
low concentration. Unfortunately, however, a battery using a
low acid concentration gives low capacity during discharge.
Thus, it has been found to be is better to use positive plate with
high paste density (e.g., 4.4-4.7 g cm™>) and low volume of
acid solution with specific gravity of about 1.28. Since the
positive plate with high paste density will have less porosity
than that with low paste density, the diffusion of acid solution
either from the bulk solution to the interior of the positive
plate, or from the interior of the positive plate to the bulk
solution is more difficult. Thus, after discharge, the acid con-
centration in the interior of positive plate with high paste
density will be decreased to a very low value and this will
promote the charging of lead sulfate back to lead dioxide
during the subsequent recharge. Furthermore, increasing
paste density will reduce the porosity of the plate material.
This will enhance the contact of the individual particles and,
therefore, increase the conductivity of the pasted material.

The charging ability-increasing additives, in this case,
comprise conductive material. Oxygen-suppressing material
is also advantageously used together with the charging abil-
ity-increasing additives in the positive electrode material.
Amongst the charging ability-increasing additives that may
be used, the following work extremely well:

(a) a conductive carbon material selected from carbon
nanomaterial, such as carbon nanotube or carbon nanofi-
bre, vapour grown carbon fibre (VGCF) and/or
fullerene, and

(b) tin dioxide conductive materials, such as tin dioxide
nanotubes, tin dioxide nanorods and/or tin dioxide
coated glass flake, fibres or spheres.

The amount of charging ability-increasing additive to be
used in the positive electrode material may be 0.05-10% by
weight, based on the total weight of positive electrode mate-
rial applied during production of the positive electrode. Such
application is generally by way of pasting the positive elec-
trode material in paste form to a current collector, such as a
grid. Typically, the amount of additive may be used is
between 0.1% and 1.0% by weight, such as 0.1-0.5% by
weight. The amounts of charging ability-increasing additive
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are based on the total of the charging ability-increasing addi-
tive, where this comprises more than one component.

Examples of suitable oxygen-suppressing materials are
one or more of the following materials:

an oxide, hydroxide or sulfate of antimony,

an oxide, hydroxide or sulfate of bismuth,

an oxide, hydroxide or sulfate of arsenic.

The amount of the above oxygen-suppressing additive may
be as follows:

0-500 ppm antimony (e.g. 20-200 ppm)

100-1000 ppm bismuth (e.g. 200-600 ppm)

0-500 ppm arsenic (preferably 20-200 ppm).

The ppm amounts are based on the amount of additive to
the active electrode material (or precursor), as measured dur-
ing paste mixing. In the case of a lead dioxide positive elec-
trode material, this is parts per million based on the lead oxide
in the paste mixture.

According to the present invention, there is also provided a
new type of electrode for an energy storage device, the elec-
trode comprising a current collector and at least one region
which is pasted with a paste coating, wherein the paste coat-
ing comprises a mixture of battery electrode material and
between 0.05-15%, by weight of the paste coating, of one or
more of:

(a) a capacitor electrode material which comprises:

5-85 weight % carbon black

20-80 weight % activated carbon

0-25 weight % carbon material other than carbon black
and activated carbon, such as carbon fibre, graphite,
carbon nanotube and/or fullerene,

0-30 weight % binder, and

0-20 weight % of a capacitor additive material,

(b) carbon nanomaterial, VGCF and/or fullerene, and

(¢) tin dioxide-based conductive material.

For positive electrodes suitable for use in lead-acid types of
energy storage devices, the battery electrode material is suit-
ably lead dioxide or lead oxide, which converts to lead diox-
ide during formation. In this case, the material mixed with the
battery electrode material is selected from (b) and (c).

For negative electrodes suitable for use in lead-acid types
of energy storage devices, the battery electrode material is
suitable sponge lead or lead oxide, which converts to sponge
lead in formation. In this case, the material mixed with the
battery electrode material is material (a).

The capacitor additive material for the negative electrode
suitably comprises one or more additives selected from
oxides, hydroxides or sulfates of zinc, cadmium, bismuth,
lead, silver. The amounts of these additives may suitably be as
follows:

0-5% zinc (preferably 0.02-1%)

0-2% cadmium (preferably 0-1%)

0.01-2% bismuth (preferably 0.02-1%)

0-10% lead (preferably 2-6%)

0-5% silver (preferably 0.02-2%)

It has been found in particular that the use of the capacitor
material in an amount of about 0.5-15 wt %, such as 2-10
weight %, based on the weight of active material of the
negative battery electrode, provides significant advantages to
energy storage devices.

According to another aspect, an appropriate form of the
energy storage device is a hybrid battery-capacitor.

In one form, the hybrid battery-capacitor may comprise:

at least one positive electrode comprising positive battery

electrode material with the addition of charge ability-
increasing additive (as described previously),

at least one negative electrode or electrode region compris-

ing negative battery electrode material,
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capacitor material incorporated into at least one negative

electrode of the device, either:

as a mixture with negative battery electrode material;

as a region of capacitor material on the negative elec-
trode comprising battery electrode material;

on a separate negative electrode bearing capacitor mate-
rial and no battery electrode material; or

in a combination of these locations, and

an electrolyte in contact with the electrodes.

The device may comprise further battery electrodes,
capacitor electrodes or mixed electrodes comprising battery
and capacitor electrode material.

According to one embodiment, the positive electrode may
further comprise a region of capacitor material. This may be
located in any location on the electrode, but is most suitably
located on a current collector of the positive electrode, with
the battery electrode material applied on top.

The hybrid battery-capacitor includes battery material and
capacitor material, with each negative and positive electrode
connected in parallel in the common unit. As a consequence,
the capacitor material in the electrodes preferentially takes or
releases charge during high current charging or discharging,
and the battery material will take or release charge during
low-current charging or discharging. Consequently, the
capacitor material will share the high-rate operation of the
battery, and will provide the battery with significantly longer
life. All of this is achieved without any electronic control or
switching between the battery and capacitor parts.

The positive battery material may be of any of the known
types, although lead dioxide is one particular example. Simi-
larly, the negative battery electrode material may be of any of
the known types, with lead being an example. It is noted that
prior to the step of formation of the electrode, the material
applied to the electrodes may be a compound of lead, such as
lead oxide, which can be converted into sponge lead or lead
dioxide at the respective polarities.

If combined with acid electrolyte, the hybrid device will be
based on a lead-acid battery design which is most appropriate
for many applications.

The hybrid battery-capacitor may comprise an alternating
series of positive and negative electrodes. Of the alternating
electrodes, each of these may be a battery electrode, a capaci-
tor electrode, or a combined battery/capacitor electrode.
These electrode types will be described in further detail
below.

It has also been found that if there is a mismatch in the
potential window or potential operational range of one of the
electrodes, oxygen and hydrogen gassing may occur. This
particularly applies when the cell voltage is greater than the
potential range of an electrode. Hydrogen gassing is undesir-
able as it leads to premature failure of the battery at the
electrode where gassing occurs.

To avoid a mismatch, according to one embodiment, the
capacitor material on the negative electrode and/or the posi-
tive battery electrode materials used in the device should have
a particular constitution to minimize gassing. The negative
capacitor material suitably comprise a high surface area
capacitor material and one or more additives selected from
oxides, hydroxides or sulfates of lead, zinc, cadmium, silver
and bismuth. The additives are preferably added in oxide
form. The additive is preferably the mixture of the above
additives.

The oxygen suppressing additives suitable for use in the
positive battery electrode material are antimony, bismuth and
arsenic, which have been described previously.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic side view of a lead-acid energy
storage device in accordance with one embodiment of the
invention;

FIG. 2 is a schematic side view representing the electrode
configuration of the energy storage device of FIG. 1;

FIG. 3 is a graph of the test profile used to simulate the
high-speed and hill-ascending/descending driving conditions
of'a hybrid electric vehicle;

FIG. 4 is a graph of the changes in minimum voltages of
two control cells and three high-performance cells when con-
structed as shown in FIGS. 1 and 2 and cycled under the
profile illustrated in FIG. 3;

FIG. 5 is a graph of the changes in positive- and negative-
plate potentials of two control cells and three high-perfor-
mance cells when constructed as shown in FIGS. 1 and 2 and
cycled under the profile illustrated in FIG. 3;

FIG. 6 is a graph of the profile used to simulate the urban
driving conditions of a hybrid electric vehicle;

FIG. 7 is a graph of the changes in end-of-discharge volt-
ages of two control cells and one high-performance cell when
constructed as shown in FIGS. 1 and 2 and cycled under the
profile illustrated in FIG. 6;

FIG. 8 is a graph of the changes in positive- and negative-
plate potentials of two control cells and one high-perfor-
mance cell when the latter is constructed as shown in FIGS. 1
and 2 and cycled under the profile illustrated in FIG. 6;

FIG. 9 is a graph of sulphuric acid concentrations against
Pb** concentration for the electrochemical reactions occur-
ring during battery discharge and charge;

FIG. 10 is a graph of the developed profile used to evaluate
the effects of additives on charging ability of the positive
plates;

FIG. 11 is a graph of the changes in the end-of-discharge
voltages of one control cell and cells using positive plates
doped with carbon nanotubes at different levels when cycled
under profile illustrated in FIG. 10;

FIG. 12 is a graph of the changes in the end-of-discharge
positive potentials of one control cell and cells using positive
plates doped with carbon nanotubes at different levels when
cycled under profile illustrated in FIG. 10;

FIG. 13 is a graph of the changes in end-of-discharge
voltages, positive- and negative-plate potentials of one con-
trol cell and high-performance cells using positive plates
doped with different additives at different levels when con-
structed as shown in FIGS. 1 and 2 and cycled under the
profile illustrated in FIG. 6;

FIG. 14 is a graph of the profile used to simulate the driving
conditions of the hybrid buses and trucks;

FIGS. 15 and 16 are a schematic side view and a schematic
top view of a lead-acid energy storage device in accordance
with a second embodiment of the invention;

FIG. 17 is a schematic side view representing the electrode
arrangement of a battery of a third embodiment of the inven-
tion;

FIG. 18 is a schematic side view of one of the lead-acid
negative electrodes with one surface being coated by a layer
of capacitor material;

FIGS. 19 and 20 are the front and side views of one of the
lead-acid negative electrodes with a region pasted with
capacitor material;

FIG. 21 is a schematic side view representing the electrode
arrangement of a lead-acid battery of a fourth embodiment of
the invention using negative electrodes with configuration of
FIGS. 19 and 20;
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FIG. 22 a schematic side view representing the electrode
arrangement of a battery;

FIG. 23 is a schematic side view of one of the positive
electrode with both surfaces being coated with capacitor
material;

FIG. 24 a schematic side view representing the electrode
arrangement of a battery;

FIG. 25 is a schematic side view of one of the positive
electrode with a coating of capacitor electrode material on the
current collector and with a subsequent battery positive mate-
rial pasted thereon.

DETAILED DESCRIPTION OF THE INVENTION

The present invention will now be described in further
detail with reference to preferred embodiments of the inven-
tion.

To avoid any doubt, except where the context requires
otherwise due to express language or necessary implication,
the word “comprise” or variations such as “comprises” or
“comprising” is used in an inclusive sense, i.e. to specify the
presence of the stated features but not to preclude the pres-
ence or addition of further features in various embodiments of
the invention.

General Features

The term “energy storage device” refers to any device that
stores energy. This may be through electrochemical reactions,
through charge separation (i.e. capacitively—as in the case of
a capacitor) or through a combination of these mechanisms.

The term “battery” is used broadly to refer to any device
that principally stores energy electrochemically. As one
example of this, the term “lead-acid battery” is used in its
broadest sense to encompass a unit containing one or more
lead-acid battery cells.

The lead-acid batteries described contain at least one lead-
based negative electrode or region, at least one lead dioxide-
based positive electrode, and capacitor material in or on one
or more of the negative electrodes.

The term “hybrid battery-capacitor” is used in its broadest
sense to refer to any hybrid device containing positive and
negative electrodes, including battery material and capacitor
material, so as to store energy electrochemically and capaci-
tively. The term “hybrid” is a reference to the presence of
battery material and capacitor material in the one device.

In the following the various possible electrode types are
described, followed by the electrode region concept.

Where it is stated that the energy storage device contains at
least one electrode of type (iii) (the mixed electrode), or at
least one electrode of each of types (i) (the battery electrode)
and (ii) (the capacitor electrode), it may alternatively be said
that when the device contains no electrode of type (iii), the
energy storage device comprises at least one electrode of type
(1) and at least one electrode of type (ii). Each type of elec-
trode—battery electrode, capacitor electrode and the mixed
electrode—is described in further detail below.

Electrode Structure

Electrodes generally comprise a current collector (other-
wise known as a grid), with the active electrode material
applied thereto. The active electrode material is most com-
monly applied in a paste form to the current collector, and in
the present specification the term paste applies to all such
active-material containing compositions applied in any way
to the current collector. When used in the context of elec-
trodes “comprising” a certain material, this expression indi-
cates that the electrode contains the named material, and may
include other materials. Such an electrode may suitably be
based on that electrode material, such that it has the function
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of that electrode type only. The term “based” used in the
context of electrodes is intended to refer to the active elec-
trode material. This term is used to avoid suggesting that the
electrode is formed entirely from the active material, as this is
not the case. The term also is intended to indicate that the
active material of the given electrode may contain additives or
materials other than the active material specifically men-
tioned. Binder is one non-limiting example.

Electrodes Comprising Negative Battery Electrode Material

The negative battery electrodes used in the present inven-
tion may be of the lead-acid battery type, or electrodes of
other types. Negative lead battery electrodes are described in
further detail below. The alternative battery electrode types
are those used in nickel rechargeable batteries, lithium metal
or lithium ion rechargeable batteries, and so forth. Suitable
negative battery electrode materials in this class include zinc,
cadmium, metal hydrides, lithium in metal or alloy form with
other metals such as aluminium, and lithium ion intercalation
materials. The details of, and alternatives for, these electrode
materials used in various battery types are known to persons
in the art, and can be gathered from publications in the art.
Positive Electrodes, Comprising Positive Battery Electrode
Material

The positive battery electrodes used in the present inven-
tion may be of the lead-acid battery type, or of other types.
Positive lead dioxide (or lead oxide, convertible to lead diox-
ide) battery electrodes are described in further detail below.
The alternative battery electrode types are those used in
nickel rechargeable batteries, lithium metal or lithium ion
rechargeable batteries, and so forth. Suitable battery-type
positive electrode materials in this case include nickel oxide,
silver oxide, manganese oxide, lithium polymer materials,
mixed lithium oxides including lithium nickel oxides, lithium
cobalt oxides, lithium manganese oxides and lithium vana-
dium oxides, and lithium conductive polymer cathode mate-
rials. The details of, and alternatives for, these electrode mate-
rials used in various battery types are known to persons in the
art, and can be gathered from publications in the art. The
principles described in this application for maximizing and
balancing the capacity of each of the negative and positive
plates (using lead-acid batteries as the example) can be
applied similarly to other battery types.

Lead and Lead Dioxide Based Electrodes.

In the case of lead and lead dioxide electrodes, these may
be of any arrangement or type suitable for use in a lead-acid
battery. Generally, such electrodes are in the form of a metal
grid (usually made from lead or lead alloy) that supports the
electrochemically active material (lead or lead dioxide)
which is pasted onto the grid. The operation of pasting is well
known in the field. Although any suitable lead or lead dioxide
known in the art may be used, it would be advantageous to use
the lead compositions disclosed in co-pending application
PCT/AU2003/001404. It is to be noted that, prior to forma-
tion of the battery, the active material may not be in the active
form (i.e. it may not be in the form of the metal, or in the
dioxide form). Thus, the terms “lead” and “lead dioxide”
encompass those other forms which are converted to lead
metal (sponge lead) or lead dioxide when the battery is
formed.

Charging Ability-increasing Additive for Positive Electrodes

Two subclasses of conductive material have been described
as providing good charging ability-increasing properties.

(1) The Carbon-based Conductive Materials: Carbon Nano-
materials, VGCF and/or Fullerene

The term “carbon nanomaterial” is used to refer generally
to carbon materials with a particle size of from less than one
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nanometer (eg 0.5 nm) up to 500 nm. This encompasses
carbon nanotubes and carbon nanofibres.

Carbon nanotubes are commonly prepared by depositing
carbon precursors within the pores of porous inorganic mate-
rials, followed by the dissolution of the inorganic template.
They are commonly of between 0.9 nm and 50 nm in diam-
eter. On occasion, a carbon nanotube material may contain
non-hollow fibres. These may be described as nanofibres.
Thus, a mixture of the two materials may be present in a
“nanotube” material.

Another conductive carbon material that provides these
properties is vapour-grown carbon fibre. These fibres are
generally of 0.1 um to 100 um in diameter.

Fullerenes are molecules based on carbon, in the form of
hollow spheres, ellipsoids or tubes. Fullerenes are generally
between 0.5 nm to 4 nm in diameter. Fullerenes are structured
carbon-based molecules of at least C, carbon atoms.

Carbon nanotubes, VGCF and fullerenes give increased
charging ability. In contrast, other materials that have been
tested such as graphite, and capacitor material (comprising
carbon black and activated carbon) do not provide the requi-
site increased charging ability.

(1) Tin Dioxide Conductive Materials

Tin dioxide conductive materials include tin dioxide nano-
tubes, tin dioxide nanorods or nanofibres, and tin-dioxide (or
other metal oxide)-coated glasses, sometimes referred to as
“conductive glasses”.

Conductive glasses comprising tin dioxide and other metal
alloy-coated glass materials are used in sheet form in various
applications including display technology and microstructur-
ing applications. Tin dioxide conductive glass additives of
interest in this application are flake, fibre or sphere forms of
conductive glasses, having size characteristics that enable the
material to provide conductivity, high surface area, and
porosity to the positive electrode. This additive is preferably
electrolyte-stable. In the case of an acid electrolyte, the addi-
tive is suitably acid-stable.

It has been described above that charging ability refers to
the ability of the given electrode to receive charge (during
charging) and able to provide (during discharge) similar
amount of charge. The test used to evaluate the charging
ability of the given electrode involves discharge and charge
the electrode successively at 1-h or 2-h capacity rate within a
given state-of-charge windows (e.g., between 20 and 80%
state-of-charge) until the cell voltage or the positive-plate
potential reached a cut-off value. Furthermore, during
cycling, the discharge and charge capacity should be main-
tained equally. The electrode having the best charging ability
will achieve the greatest cycle number (number of discharge
and charge) before its potential reaches the cut-off value. By
comparing the results of this test for an electrode with the
additive and for the same electrode without the additive, an
assessment can be made as to whether or not the additive has
increased the charging ability of the electrode. In this context,
the term “plate” refers to the total electrodes of the same
charge (i.e. positive electrodes or negative electrodes), rather
than an individual electrode, in an energy storage device.

Assessment of whether the charging ability has increased
will be evident irrespective of the cycle or capacity rate
used—based on a comparison of the reference sample (with-
out additives) to the additive-containing sample. The additive
should provide about a minimum 10% or 15% increase in
cycle life. Whilst that is the case, it is useful to use the test
profile shown in FIG. 14, as a universal standard.
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Capacitor Electrodes and Capacitor Material

Capacitor electrodes typically comprise a current collector
and a coating of a capacitor material. This is commonly
applied as a paste.

The term “capacitor” is used in the context of electrodes to
refer to electrodes or electrode regions that store energy
through the double layer capacitance of a particle/solution
interface between high surface area materials and an electro-
lyte solution.

Generally, as with the lead and lead oxide electrodes, the
capacitor electrode comprises a current collector, such as a
metal grid (usually made from a lead alloy) and a pasted
coating containing the capacitor material, usually with a
binder. Examples of a suitable binders for the paste compo-
sitions are carboxymethyl cellulose and neoprene.

The capacitor electrode material comprises a high surface
area (or high-rate) materials suitable for use in capacitors.
Such materials are well known in the art. These high-rate
capacitor materials include high surface area carbon, ruthe-
nium oxide, silver oxide, cobalt oxide and conducting poly-
mers. Preferably, the capacitor material comprises a high
surface area carbon material. Examples of high surface area
carbon materials are activated carbon, carbon black, and car-
bon materials other than these two, such as amorphous car-
bon, carbon nanoparticles, carbon nanotubes, carbon fibres.

According to one embodiment, the capacitor material com-
prises:

5-85 weight % carbon black

20-80 weight % activated carbon

0-25 weight % carbon material other than carbon black and

activated carbon, such as carbon fibre, graphite, carbon
nanotube and/or fullerene,

0-30 weight % binder, and

0-20 weight % of a capacitor additive material.

A suitable activated carbon material is one with a surface
area of between 1000 and 3000 m?/g, preferably 1000-2500
m?/g. One suitable carbon black material has a surface area of
between 60-1000 m*/g. One suitable mixture of these mate-
rials comprises between 5-85% carbon black, 20-80% acti-
vated carbon, 0-20% other carbon material, 0-20% optional
capacitor additives, and the balance binder at a level of
between 0-30%, or 5-25% when present. When capacitor
material is used as a charging ability-increasing additive for
positive battery electrode material, the binder may be pro-
vided as a component of the battery electrode paste material,
and consequently may not need to be supplied as a component
of the capacitor material (as additive to the battery electrode
material). All measurements are by weight unless specified
otherwise.

Additive Content of Capacitor Material

The capacitor electrode material suitably comprises an
additive to suppressing hydrogen and/or oxygen gassing. The
additive for capacitor negative electrode materials used in a
lead-acid energy storage device environment suitably com-
prises an oxide, hydroxide or sulfate of lead, zinc, cadmium,
silver and bismuth, or a mixture thereof. Generally, it is pre-
ferred that the additive includes at least one oxide, hydroxide
or sulfate of lead or zinc. For convenience, the additive is
suitably one or more oxides selected from lead oxide, zinc
oxide, cadmium oxide, silver oxide and bismuth oxide. Pref-
erably each of the capacitor negative electrodes contains the
additive in addition to the high surface area capacitor mate-
rial. Due to toxicity reasons, cadmium compounds are not
preferred, and therefore the composition preferably com-
prises a lead compound and/or zinc compound and/or bis-
muth compound, and optionally a silver compound.

Irrespective of the form in which the additive is added,
when capacitor material comes into contact with the electro-
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lyte (for example, sulfuric acid), the additive may react with
the electrolyte and thus be converted into another metal com-
pound derived from the original metal oxide, sulfate or
hydroxide. References to the oxides, sulfates and hydroxides
of the subject additives are to be read as encompassing the
products of the reactions between the additives and the elec-
trolyte. Similarly, if during the charged or discharged state of
the battery the additive is converted into another form through
redox reactions, the references to the oxides, sulfates and
hydroxides areto beread as encompassing the products of the
redox reactions on these additives.

Suitable additives for positive capacitor electrode material
(high surface area material as described above) to suppressing
oxygen gassing, are:

an oxide, hydroxide or sulfate of antimony,

an oxide, hydroxide or sulfate of bismuth,

an oxide, hydroxide or sulfate of arsenic.

The compound of antimony is beneficial in suppressing
(oxygen) gassing at the positive capacitor electrode. How-
ever, if it migrates to the negative capacitor electrode, it
produces an adverse eftect on hydrogen gassing at that elec-
trode. In the absence of an agent to fix the antimony com-
pound to the positive capacitor electrode, when the antimony
compound comes into contact with the electrolyte, it may
dissolve in the electrolyte, and be deposited on the negative
electrode when a current is applied. The red lead can be used
to fix or prevent transfer of the antimony to the negative
electrode. Compounds (i.e. oxides, sulfates or hydroxides) of
bismuth and arsenic are also advantageous in this electrode,
and may also be used in the additive mixture.

In each case, the capacitor additive is used in an amount to
avoid hydrogen and oxygen gassing. This is generally an
amount that increases the potential window of the capacitor
negative electrode and the positive battery electrode from the
typical £0.9V or +1.0V to at least £1.2V, and preferably at
least £1.3V. In general terms, the total oxide content may be
between 5-40 wt %, based on the total active material com-
position (including high surface active material, binder, and
any other component in the dried paste composition).

The negative capacitor electrode additive may comprise
between 0-40 wt % Pb compound (such as 0-20%), 0-20 wt %
Zn compound (such as 0-10%), 0-5 wt % Cd compound and
0-5 wt % Ag compound. The total should be within the 2-40
wt % range mentioned above. The use of ZnO additive alone
provides good results, as does PbO alone, or a mixture of PbO
and ZnO.

The positive capacitor material additive may comprise
between 0-20 wt % Pb,O; (such as 1-10 wt %), 0.01-1 wt %
Sb (such as 0.05-0.1 wt %) in oxide, sulfate or hydroxide
form, 0.02 to 1 wt % Bi in oxide, sulfate or hydroxide form
and 0.01-0.06 wt. % As in oxide, sulfate or hydroxide form.
Sb is suitably added as an oxide. The total should be 5-40 wt
% range mentioned above.

Mixed Electrodes

According to certain embodiments, the energy storage
device contains one or more mixed electrodes.
Mixed Electrode of First Class

A first class of mixed electrode comprises a mixture of
battery and capacitor electrode material. This mixed material
can be pasted onto a current collector (grid) to provide an
electrode that stores energy both electrochemically and
capacitively. Having this material in a mixed form (evenly
distributed, or unevenly distributed, but without clear regions
containing one material without the other) provides the
advantage of productivity. This makes construction of the
device more simple. A single mixture of the material can be
prepared, pasted onto the current collector and formed. For-
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mation can be performed by the two procedures, namely tank
formation or container formation. These formation proce-
dures are well known in the field. For electrodes having
separate regions, the process requires at least two pasting
steps to place the battery electrode material on the current
collector, to cure and dry this, or to cure, dry and form and
then to apply the capacitor electrode material.

The capacitor material preferably constitutes 0.5-15% of
the mixed electrode material applied to the current collector,
by weight, with the balance being battery electrode material,
binder and any optional additional additives. More prefer-
ably, the capacitor material constitutes 2-10% by weight.

The capacitor material used in this case suitably comprises:

5-85% carbon black

20-80% activated carbon

0-25% carbon materials other than carbon black and acti-

vated carbon,

0-30% binder, and

0-20% negative capacitor additive material (such as 1-10%

of such additive material, when present)

The additives to capacitor negative electrode or capacitor
material mixed with battery negative material during paste
mixing are similar to those mentioned above, although the
amount of binder is different. The amount of binder used for
capacitor material mixed battery negative material is gener-
ally less than that used to make capacitor electrodes.

Mixed Electrode of Second Class

The mixed electrode may comprise a region of battery
electrode material and a region of capacitor electrode mate-
rial. The term “region” is used to refer to any section, seg-
ment, layer, area or any other part of an electrode that is of the
electrode material of the stated type as distinct from the other
electrode material type. As an example, the electrode could be
prepared as a battery electrode, with a paste coating on both
sides of battery electrode material, and a layer of capacitor
electrode material (a region) applied on top of the battery
electrode material on one or both faces. Alternatively, the
region of capacitor electrode material may be applied on one
face, or on a section or segment of it, directly to the grid. It is
noted that in this context, the battery electrode material may
contain up to 15 wt % of capacitor electrode material (for the
benefits described above), and the region will be considered
to be a “battery electrode material” region if the dominant
behaviour of the electrode region is that of a battery electrode.
Thus, the presence of a small amount of capacitor material in
the battery electrode material will not result in that region
being considered not to be a battery electrode region.

The amount of capacitor electrode material forming the
region of capacitor electrode material may be from 1%-15 wt
% of the battery electrode material, such as 2%-7%.

The energy storage devices of the first aspect are required
to have negative electrodes that store energy both capacitively
through an electric double-layer effect and electrochemically,
and therefore the device is required to comprise either elec-
trodes of the mixed type (iii), or a combination of type (i) and
type (ii) electrodes. According to certain embodiments, the
device comprises a plurality of electrodes of type (iii), and
according to one particular embodiment, the electrodes of
type (iii) comprise regions of battery electrode material and
capacitor electrode material. The regions of capacitor elec-
trode material may be constituted by a coating of capacitor
electrode material on both faces of a battery electrode.
Regions

Unless the contrary indication is expressed, it will be
understood that the electrodes of the present invention may be
composite electrodes (i.e. they may be composites of battery
electrode materials and capacitor electrode materials). The
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references to “lead-based”, “lead dioxide-based”, “battery”
and “capacitor” electrodes encompass the regions of an elec-
trode that have the specified function as the dominant func-
tion of that region, irrespective of whether or not the single
electrode has other regions of a different dominant type or
function.

According to one embodiment of the invention, electrodes
having regions of different types are deliberately used.
According to this embodiment, one or more of the negative
electrodes has at least two regions, including a battery-elec-
trode material region and a capacitor-electrode material
region. As one example, the electrode having two regions
comprises an electrode current collector, which may be of the
type described above, having one face pasted with battery
electrode material (such as lead) and the opposite face pasted
with capacitor negative electrode material. Alternatively, a
battery-type electrode containing battery electrode material
on both sides may be coated on one face or on both faces, or
any other region thereof, by capacitor electrode material. One
mixed electrode type of particular interest is one containing
battery-type electrode material on both sides, and a top-coat-
ing onthose sides of capacitor electrode material. The coating
arrangement is suitably the reverse for positive electrodes,
with the top-coating being battery electrode material overly-
ing capacitor material.

Physical Configuration

The electrodes may be of any suitable shape, and therefore
may be in flat-plate form or in the form of a spirally-wound
plate for the formation of either prismatic or spirally-wound
cells. In the case of spirally wound cells, previous references
to faces of the electrode should be understood to refer to the
uncoiled electrode. For simplicity of design, flat plates are
preferred.

Electrolyte

In the case of lead-acid batteries, any suitable acid electro-
lyte may be used. The electrolyte may, for instance, be in the
form of a liquid or a gel. Sulphuric acid electrolyte is pre-
ferred.

In the case of other battery types, the electrolyte may be an
aqueous or organic electrolyte, including alkalis such as
potassium and other hydroxides, lithium-ion containing
organic solvents, polymer electrolytes, ionic liquid electro-
lytes in liquid or solid state and so forth. Suitable electrolytes
for the chosen battery positive and negative electrode mate-
rials can be routinely selected by a person skilled in the art.
Busbars or Conductors

The busbar of the energy storage device, such as lead-acid
battery, may be of any suitable construction, and may be made
from any suitable conductive material known in the art. The
term “connected to” used in the context of the busbars refers
to electrical connection, although direct physical contact is
preferred. In the case of other battery types, any conductor
may be used that does not involve circuitry external to the
battery.

Other Energy Storage Device Features

Generally, the components of the energy storage device
such as battery will be contained within a case, such as a
“battery” case, with further features appropriate to the type of
energy storage device employed. For example, in the case of
lead-acid energy storage device, the lead-acid energy storage
device may be either of a flooded-electrolyte design or of a
valve-regulated design. Where the lead-acid energy storage
device is a valve-regulated lead-acid energy storage device,
the energy storage device may be of any suitable design, and
may for instance contain gel electrolyte. Specific features of
the energy storage device unit appropriate to such designs are
well known in the art of the invention.
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The pressure of the plate-group (e.g., positive and negative
plates, together with separators) when assembled into the
lead-acid battery case may lie in the range of 1-60 kPa for
flooded electrolyte design, and from 20-80 kPa for valve
regulated lead-acid energy storage device design.

Separators

Generally, each of the positive and negative electrodes is
separated from adjacent electrodes by porous separators.

The separators maintain an appropriate separation distance
between adjacent electrodes. Separators located between
immediately adjacent surfaces of lead-based negative elec-
trode material and surfaces of lead dioxide-based positive
electrode material, or similar, may be made from any suitable
porous material commonly used in the art, such as porous
polymer materials or absorptive glass microfibre (“AGM”).
The separation distance (corresponding to separator thick-
ness) is generally from 0.4-5 millimeters for these separators
dependent upon the battery designs (flooded-electrolyte or
valve-regulated designs) and the thicknesses of the positive
and negative plates. Suitable polymer materials useful for
forming the separators are polyethylene and AGM. Polyeth-
ylene separators are suitably between 0.4 and 1.5 millimeters
thick, whereas AGM separators are appropriately between 0.4
and 2.5 millimeters thick.

In the case of separators located between or adjacent sur-
faces bearing capacitor electrode material, these are suitably
much thinner than the separators between adjacent battery
electrodes. Advantageously, the separators are between 0.01
and 0.1 millimeters thick, and most preferably between 0.03
and 0.07 millimeters thick. These separators are suitably
made from microporous polymer material such as
microporous polypropylene. Other separators are AGM and
the thickness of this type of separators is between 0.1 and 1
millimeters, and preferably between 0.1 and 0.5 millimeters.
Formation of Lead Acid Energy Storage Devices

Generally, battery-type energy storage device electrodes
need to go through a stage of formation. The formation opera-
tion is well known in the field. Through the process of for-
mation, in the case of lead-acid energy storage devices, the
oxidation state of the lead-based material that is pasted onto
the electrodes is converted into the active state—or charged.
It is to be understood that the references to “lead-based” and
“lead dioxide-based” materials are used to refer to lead or lead
dioxide itself, materials containing the metal/metal dioxide or
to materials that are converted into lead or lead dioxide, as the
case may be, at the given electrode. In some cases it is pos-
sible for electrodes to be formed in a large-scale tank (called
tank formation). Otherwise, formation needs to take place
after assembling of the appropriate components together in
the case (called container or jar formation).

An energy storage device will always contain at least one
positive and one negative electrode. The number of individual
cells (made up of a negative and positive electrode) in the
battery depends on the desired voltage of each battery. For a
36-volt battery (which may be charged up to 42 volt), this
would involve the use of 18 cells, which are connected in
series.

Electrode Arrangement

According to one embodiment, the positive and negative
electrodes are interleaved in an alternating arrangement. In
one embodiment, each positive electrode may be designed
with one lead-based negative electrode to one side of it, and
one capacitor negative electrode or electrode face to the oppo-
site side. Accordingly, the arrangement of one embodiment
has alternating positive and negative electrodes, with the
negative electrode faces across from each outer face of the
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positive electrode being alternately a lead-based electrode
face and a capacitor negative electrode face.

All of the negative electrodes (battery, capacitor and/or
mixed) are connected to the negative busbar, and the positive
electrodes are connected to the positive busbar, so that each
electrode of the same polarity is connected in parallel in the
common lead-acid battery.

Operation

As explained above, the capacitor material in the lead-acid
energy storage device arrangement described has a lower
internal resistance than the lead-acid battery material, and
therefore it will first absorb a release charge during high-rate
charging or during high-rate discharge. Consequently, the
capacitor material will share the high-rate operation of the
lead-acid battery material and will provide the lead-acid bat-
tery with significantly longer life. More specifically, the
uneven distribution of lead sulfate developed across the cross-
section of the negative plates which generally occurs during
high-current charging and discharging of the battery is mini-
mized because the high-current charging and discharging is
generally taken up by the capacitor material.

Each battery cell of one embodiment of the invention pro-
vides a voltage of 2-volts. A lead-acid battery of one embodi-
ment suitable for use in the broad range of applications may
contain 8 negative electrodes and 9 positive electrodes in an
alternating arrangement. Variations in this arrangement and
relative numbers of electrodes are also suitable, provided that
there is a minimum of one of each electrode.

EXAMPLES
Reference Example 1

Alead-acid based energy storage device suitable for testing
purposes was made in the arrangement as illustrated sche-
matically in FIGS. 1 and 2.

The device includes two composite negative electrodes (1),
which include a current collector (2) with battery negative
material (3) pasted thereon, and with a coating of capacitor
electrode material (4) on each face of either cured or formed
negative material, forming the composite negative electrodes.
The device also includes lead dioxide positive electrodes (5)
which may or may not contain an additive material, depend-
ing on the experiment. The positive and negative electrodes
were positioned in an alternating arrangement as illustrated in
FIG. 1 in a battery case (7). The positive lead dioxide elec-
trodes (5) can be 20-500 millimeters wide by 20-1200 milli-
meters high by 0.6-5 millimeters thick. The composite nega-
tive electrodes (1, comprising 3 and 4) were of the same range
of'width and height dimensions with that of the positive plate.
The thickness of the composite negative plate is, however,
slightly thicker, e.g., 0.8 to 5.5 millimeters, owing to the
layers of capacitor electrode material coated on both faces of
the negative. The battery electrodes were made by the meth-
ods described in the detailed description above.

In the following, unless stated otherwise, the carbon black
used had a specific surface area of 250 m> g (CABOT, USA),
and the activated carbon had specific surface area of 2500 m>
g~ (Kurarekemikaru Co. Ltd. Japan).

For the construction of the composite negative electrode
(1), the core structure was that of a lead negative battery
electrode, and this was constructed from the material and
using the techniques described fully described in PCT/
AU2003/001404, the entire contents of which are incorpo-
rated by reference. The paste composition for the lead nega-
tive electrode comprised lead oxide (1 kg), fibre 0.6 to 1 g,
BaSO,3.7to 5 g, vanisperse 3.7 to 5 g, carbon black 0.26 to
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12 g, H,S0, (1.400 rel.dens.) 57 to 80 cm?, water 110 to 126
cm?, acid to oxide ratio 4 to 5.5% and paste density 4.3 to 4.7
g/em’.

The composition of the capacitor paste material consisted
0f 45% carbon black, 35% activated carbon, 5% carbon fibre,
2% carboxymethylcellulose and 13% neoprene.

The application of capacitor material on both faces of the
lead negative plate can be done in three following ways:

(1) apply the capacitor paste material (4) on both faces of
the pasted lead negative plate (3) and then subject the
composite pasted negative plate to curing, drying and
formation;

(i1) apply the capacitor paste material (4) on both faces of
cured and dried lead negative plate (3) and then subject
to drying and subsequent formation;

(ii1) apply the capacitor paste material on both faces of
formed lead negative plate and subject to drying.

The paste composition for the lead dioxide-based positive
electrodes (5) consisted of lead oxide 1 kg, fibre 0.5t0 1.0 g,
H,SO, (1.400 rel.dens.) 65 to 95 cm>, water 100 to 140 cm®,
acid to oxide ratio 4.0 to 6.6% and paste density 4.0 to 4.5
g/cm’. The lead oxide of the positive electrode material was
converted into lead dioxide by standard formation tech-
niques.

Separators (6) were located between the adjacent elec-
trodes. These can be absorptive glass microfibre (AGM) or
microporous polypropylene separator.

Inthis reference example 1, the positive and negative plates
have the same width and height dimensions of 76 millimeters,
but different thickness. The thickness of the positive plate is
1.6 millimeters, but that of the composite negative plate is 2.3
millimeters. The negative capacitor material was coated on
both side of the formed negative plate. Four positives and five
negatives together with eight AGM separators were
assembled into a cell case (7) as valve-regulated design. With
this design, all filling acid solution (8) was absorbed by the
plate materials and the separators. The positive electrodes
were connected to a positive busbar (9), and the negative
electrodes connected to a negative busbar (10). The 5-h
capacity of the cell is about 8 Ah. For testing purposes, a
charging and discharging profile (line 11) was adopted to
simulate the combined high-speed and hill ascending/de-
scending driving conditions of the hybrid electric vehicle
(HEV). The profile is composed of discharge and charge parts
as shown in FIG. 3. There are three levels of discharge current
in the profile:

(1) the highest level is to simulate the acceleration of the

HEYV, dash line 12;

(ii) the medium level is to simulate the high-speed driving
of the HEV, dash line 13;

(iii1) the lowest level is to simulate low-speed or cruise
driving of the HEV, dash line 14.

There are also two levels of charging current in the profile:

(1) the highest level is to simulate the charging from regen-
erative braking of the HEV, dash line 15;

(ii) the lowest level is to simulate the engine charge of the
HEYV, dash line 16.

Under each above profile, the 8-Ah cell requires to dis-

charge down to 45% depth-of-discharge (line 17).
Testing

Two control cells were made from positive plate without
additives and negative plate without capacitor material coat-
ing. Three “high-performance cells” were made from positive
plate without additives, but the negative plate with capacitor
material coated on both faces. Two control cells and three
high-performance cells were subjected repetitively to the
above profile until the cell voltage reached or close to OV.
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Furthermore, during charging period of the profile, no limi-
tation of top-of-charge voltage was set. The test results are
shown in FIG. 4.

The two control cells failed after 150 and 180 cycles,
respectively, as indicated by the curves 18 and 19, while the
high-performance cells failed after 720, 1000 and 1750
cycles, as indicated by the curves 20, 21 and 22. The results
shows that the high-performance cells give at least four times
longer in cycle life than the control cells. The changes in
positive and negative potential during cycling under the com-
bined high-speed and hill-ascending/descending profile are
shown in FIG. 5. It can be seen that there are little changes in
the positive-plate potentials (curves 23 and 24 for control
cells and curves 25, 26 and 27 for high-performance cells)
regardless to the cell types, while there are significant
changes in the negative-plate potentials (curves 28 and 29 for
control cells and curves 30, 31 and 32 for high-performance
cells). The negative-plate potentials increase from -1 V to
values close to +1 V and the changing behavior of the nega-
tive-plate potential of each cell follows its corresponding of
the cell voltage. This indicates that the cell failure under such
profile is due to the performance of the negative plates. Since
the high-performance cells were constructed using negative
plates coated with capacitor material, the long cycle lives of
these cells are understandable.

Reference Example 2

Three cells were used for this example and were made from
positive and negative plates with the same width and height
dimension, namely, 102 and 107 millimeters, respectively.
The thickness of positive plates in each cell was similar,
namely, 1.45 millimeters, but that of the negative plate was
different. Each cell composed of four positives and five nega-
tives. Two cells were control cells (no additive in positive

Discharge process:

PbO, + 3H' +

Charge process:

PbO, + 3H' +

material and no capacitor material coating on negative plates)
and had the negative-plate thickness of 1.35 millimeters. One
cell was “high-performance cell” (no additive in positive
material, but with capacitor material coated on both faces of
the negative plates) and had the negative-plate thickness of
1.6 millimeters. Each cell had a 2-h capacity of 25 Ah. The
profile used to evaluate these cells are shown in FIG. 6. This
profile is used to simulate the urban driving conditions of
HEV and composes of one discharge-current step and three
charge-current steps. The amplitude of each current step is
equal to a multiple of the 2-h capacity (C,), namely, 5C, for
the discharge current and 4.5C,, 2.5C, and 1C, for the charge
currents. Initially, the cells were discharged at 2-h capacity
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rate to 60% SoC and then subjected repetitively to the above
profile at 40° C. until the voltage of each cell reached the
cut-off value of 1.75 V. The test results are shown in FIG. 7.
The two control cells reached the cut-off voltage of 1.75V
after 10000 and 13000 cycles (curves 33 and 34), while the
high-performance cell reached the same voltage after 26000
cycles (curve 35). This performance is at least two times
longer in cycle-life than the control counterparts. The
changes in negative- and positive-plate potentials of the con-
trol cells and high-performance cells during cycling are
shown in FIG. 8. There are no major changes in negative-plate
potentials of control (curves 36 and 37) and high performance
cells (Curve 38) during cycling. Nevertheless, significant
changes in positive-plate potential were observed. The posi-
tive plate potential decreased with cycling, but the rates of
decrease were greater for the control cells (curves 39 and 40)
than the high-performance cell (curve 41). This indicates that
performance of the cells is limited by the performance of the
positive plates. The positive plates could not receive charge
effectively during urban driving conditions. Since cell perfor-
mance under the above profile is limited by the performance
of the positive plate, the cycling improvement of the high
performance cell is not as great as those cycled under high-
speed and hill-ascending/descending profile (negative-plate
performance limited). It was indentified that in order to fur-
ther enhance the cycling performance of “high-performance
cells” underurban driving conditions, the positive plate had to
be improved.

Example 3

The discharge and charge processes of a positive plate and
the dissolution of lead sulfate at different concentration of
sulfuric acid solution are shown below and are represented in
FIG. 9.

HSOy + 2¢ Dissolution — pp2t | 502 + 2H,0 (reaction 1)
Depositionu

PbSO, (reaction 2)

HsO, Deposition — pp2* 4 502 4+ 2H,0 - 2¢ (reaction3)

55

Dissolutionu

PbSO, (reaction 4)

During discharge, the conversion of lead dioxide to lead sul-
fate proceeds via two steps. First, the lead dioxide at the
positive plate reacts with HSO,~ and H* to form Pb**, SO~
and H,0, i.e., the so-called “dissolution process’ (reaction 1).
Then, the Pb>* combines with SO,>~ to form PbSQO,, i.e., the
so-called ‘deposition process’ or ‘precipitation process’ (reac-
tion 2). The first step is an electrochemical reaction and thus
involves electron movement and transfer. The electrons pass
from the counter negative plate into the positive plate and
move to the reactive sites (i.e., lead dioxide) where the elec-
tron transfer takes place. The movement of electrons in the
positive material occurs through the conductive pathways.
This requires more conductive pathways in the positive mate-
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rial matrix. Otherwise, the potential of the positive plate will
be dropped due to resistance eftect. The rate of the electro-
chemical reaction is therefore dependent on the movement of
electron, the diffusion of HSO,~ species and the effective
surface-area of the lead dioxide. On the other hand, the sec-
ond step is a chemical reaction and proceeds at a rate which is
acid-dependent. The solubility of lead sulfate does not
increase with increase in sulfuric acid concentration. Rather,
it reaches a maximum value at a concentration of 10 wt.
% sulfuric acid (1.07 rel.dens.), and then decreases rapidly
with further increase in concentration (FIG. 9, curve (d)).
Thus, the Pb>* will precipitate as lead sulfate at concentra-
tions above the solubility curve. For a given concentration of
Pb>* above ~1 mg 17*, the deposition (or precipitation) of
Pb>* to lead sulfate will be faster at plate locations which
experience high concentrations of acid.

After discharge, the concentration of acid solution
decreases because the conversion of lead dioxide to lead
sulphate consumes sulfuric acid.

During charging, the conversion of lead sulfate to lead
dioxide also proceeds via two reactions, namely, dissolution
(reaction 4) and deposition (reaction 3). Nevertheless, the
nature of these reactions differs from that of the correspond-
ing discharge reactions. Dissolution is now the chemical reac-
tion, while the subsequent deposition is the electrochemical
reaction. The lead sulfate first dissociates to Pb** and SO,*~
ions (reaction 4). The Pb>* then gives out two electrons and
reduces to lead dioxide under the presence of H,O (reaction
3). Simultaneously, SO, combines with H* to form HSO,~.
The electrons flow from the reactive sites (i.e., lead sulphate)
via the conductive pathways in the positive-plate material to
the grid members and then to the counter negative plate. In
addition to the oxidation of Pb>* to lead dioxide, there is the
competing reaction of oxygen evolution. After charge, the
concentration of sulphuric acid solution increases because the
conversion of lead sulphate to lead dioxide consumes water.

From the above discussion, in order to increase the charg-
ing ability of the positive plate, the following was proposed:

(1) After discharge, the concentration of sulphuric acid
solution in the interior of the positive plate should be
deceased to a low value around 5-20 wt % (around 10 wt
%) in order to promote the dissociation of lead sulphate
to Pb>* and SO,~* for the subsequent charge process.
The specific gravity for these concentrations is about
1.03-1.16 g/cm®. The method to reduce the concentra-
tion of sulphuric acid solution to a low value after dis-
charge is to use less volume of acid solution in the
positive plate. This can be achieved by using positive
plate made from high paste density (i.e. 4.4-4.7 g/cm?).
This is because increasing the paste density will reduce
the porosity of the plate material and, thereby, decrease
the pore volume for retaining the acid solution. Further-
more, the positive plate with high paste density (e.g., less
porosity) will slow down the diffusion of the sulphuric
acid from the bulk of the solution to the interior of the
plate.

(ii) The charge process requires the smooth movement of
electrons inside the positive material matrix. Thus, addi-
tion of the conductive materials will develop more con-
ductive pathways inside the positive material.

(iii) Since oxygen evolution is the competing reaction to
the conversion of lead dioxide toward the end of charge
process, oxygen-suppressing additives should be added
to the positive material.

In summary, in order to improve the charging ability of the

positive plate of the lead-acid battery, the plate (positive bat-
tery electrode) should be made from positive material con-
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taining conductive additives which increase the charging abil-
ity of the electrode, and preferably also with a high paste
density and oxygen-suppressing additive(s).

Reference Example 4

A simplified charge and discharge profile was developed to
evaluate the charging ability of the positive plate without or
with additives in FIG. 10. The profile includes:

(a) Discharge the full-charge cell to 20% State-of-charge

(SoC) at 1-h capacity rate;

(b) Recharge the cell to 80% SoC at 1-h capacity rate;

(c) Discharge the cell to 20% SoC at 1-h capacity rate;

(d) Repeat steps (b) and (c) until the cell voltage or the

positive-plate potential reach 1.67 or 0.75 V, respec-
tively.

The charge input and output of the cell during steps (b) and
(c) are kept equally.

Testing

Five, three-plate cells (one positive and two negatives)
were constructed as flooded design using microporous
polypropylene separators. Furthermore, the total negative
material in each cell is more than the positive material and,
therefore, the cell performance is expected to be limited by
the positive-plate performance. With such cell configuration,
it is possible to examine the effects of additives on the per-
formance of positive plate when added to the positive mate-
rial. The positive and negative plates have the same width and
height dimensions of 76 millimeters, have different thick-
nesses i.e., 1.45 millimeters for positive plate and 1.35 milli-
meters for negative plate. One of the cells was made from
undoped positive plate (control cell) and the remaining cells
were made from positive plate doped with carbon nanotubes
at0.25,0.5, 1.0 and 1.5 wt. %. The negative plates of all cells
in this example were lead negative plate without capacitor
material coating. The cells were subjected repetitively to the
above profile at ambient temperature (21° C.). The test results
are shown in FIG. 11. It is clear that the cell performance
increases in the order: cell with 1.5% carbon nanotubes
(curve 46)<control cell (curve 42)<cell with 1% carbon nano-
tubes (curve 45)<cell with 0.5% carbon nanotubes=cell with
0.25% carbon nanotubes. Note the cell with 0.25% carbon
nanotubes completed at 160 cycles, but the date was lost after
103 cycles due to the malfunction of the data logging system.
The changes in positive-plate potentials of all types of cells
are also shown in FIG. 12. The change in positive-plate poten-
tials of each cell (i.e., curve 51 for cell with 1.5% carbon
nanotubes, curve 47 for control cell, curve 50 for cell with
1.0% carbon nanotubes, curve 49 for cell with 0.5% carbon
nanotubes and curve 48 for cell with 0.25% carbon nano-
tubes) follows the trend of'its corresponding cell voltage. This
indicates that the performance of all cells is limited by that of
their positive plates.

From the above performance results, the question may be
asked ‘why does the performance of positive plate decrease
when more conductive material (carbon nanotubes) is added’.
We have determined that reason is the carbon nanotube is a
porous material. When the content of this material was
increased to a certain value, the positive paste density
reduced. Consequently, the volume ofthe acid solution in the
positive material increased and as mentioned in the Example
3, the concentration of sulfuric acid solution in the interior of
plate after discharge was still at high value. This would slow
down the dissociation of lead sulfate to Pb** and SO,>".
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Furthermore, the decrease in paste density would reduce the
connectivity of the individual particles in the material matrix.

Example 5

The profile used in this example is similar to that in refer-
ence example 2, FIG. 6. Five cells were constructed using
positive and negative plates with the same width and height
dimensions, (i.e., 44 millimeters for the width and 71 milli-
meters for the height), but with different thicknesses, density
as well as additives to the positive material. The cells were
subjected to the same test procedure described in reference
example 2. The test results are shown in FIG. 13. The condi-
tions applying to each cell (i.e. plate thickness, density, addi-
tives) and performance are as follows:

(1) Control cell as indicated by curves 51 with positive-

plate thickness of 1.55 millimeters, paste density of 4.0
g cm™>, no additive; negative-plate thickness of 1.65
millimeters, paste density of 4.1 g cm™>, no capacitor
material coating. This cell completed 45000 cycles and
failed because of the performance of positive plates.

(ii) Cell as indicated by curve 52 with positive-plate thick-
ness of 1.55 millimeters, paste density of 4.5 gcm™, no
additive; negative-plate thickness of 1.65 millimeters,
paste density of 4.1 g cm™>, no capacitor material coat-
ing. This cell completed 56000 cycles and failed because
of the performance of positive plates.

(iii) Cell as indicated by curve 53 with positive-plate thick-
ness of 1.55 millimeters, paste density of 4.0 g cm™,
with addition of 0.5% carbon nanotubes; negative-plate
thickness of 2.4 millimeters, paste density of 4.1 gcm™
and coated with negative capacitor material. This cell
cycled up to 113000 cycles, and was still in a healthy
condition.

(iv) Cell as indicated by curve 54 with positive-plate thick-
ness of 1.65 millimeters, paste density of 4.0 g cm™,
with addition of 2% tin dioxide coated glass flakes;
negative-plate thickness of 2.4 millimeters, paste den-
sity of 4.1 g cm™ and coated with negative capacitor
material. This cell cycled up to 116000 cycles, and was
still in a healthy condition.

(v) Cell as indicated by curve 55 with positive-plate thick-
ness of 1.65 millimeters, paste density of 4.0 g cm™>,
with addition of 1% positive capacitor material; nega-
tive-plate thickness of 2.4 millimeters, paste density of
4.1 g em™ and coated with negative capacitor material
coating. This cell cycled up to 110000 cycles, and was
still in a healthy condition.

Example 6

The profile used in this example is the simplified discharge
and charge profile used to simulate the driving conditions of
the hybrid buses and trucks, FIG. 14. The profile composes of
a discharge at 4 C A for 60 s and a charge at 4 C A for 60 s.
There are two rest times of 10 s each in between discharge and
charge or charge and discharge pulses. Initially, the full-
charge cell was discharged to 50% SoC and then subjected to
this profile repetitively until the cell voltage reached 1.83 V.
The test would also be terminated when the voltage reached
2.83 V during charging part of the profile.

The cells used for the above test were made from 4 posi-
tives and 5 negatives. The positive and negative plates have
the same width and height dimensions of 76 millimeters, have
different thicknesses, i.e., 1.6 millimeters for positive plate
and 2.3 millimeters for negative plate. Furthermore, all the
cells were made from the same composition of composite
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negative plates, but with different additives in positive-plate
material. The cell conditions and cycling performance are
shown in Table 1.

TABLE 1

Effects of additives on the cell performance.

Cycling
Cell performance
type Additives in positive material (cycles)
R-1 Nil 1656
R-2 0.25 wt. % graphite 1600
R-3 0.5 wt. % graphite 1850
R-4 1.0 wt. % graphite 1750
R-5 1 wt. % capacitor material 1654
R-6 1.5 wt. % capacitor material 1365
R-7 2.0 wt. % capacitor material 1155
A-1 0.1 wt. % Fullerene 2319
A-2 0.25 wt. % Fullerene 2282
A-3 0.1 wt. % carbon nanotube 1970
A-4 0.25 wt. % carbon nanotube 2797
A-5 0.50 wt. % carbon nanotube 2207
A-6 0.75 wt. % carbon nanotube 1896*
A-7 0.25 wt. % vapour grown 2724

carbon fibre
A-8 0.5 wt. % vapour grown 2486
carbon fibre

Desirably, the cycling performance increase needs to be at
least 10%, generally at least 15%, greater than the nil refer-
ence. Graphite and capacitor material do not reach the level,
and/or the performance drops off with greater addition. In
contrast, this level is reached with the appropriate selection of
the additive and amount. *It is noted that the performance for
carbon nanotube drops off due to the reasons stated in the last
paragraph under Reference Example 4.

The following are the examples of different battery con-
figuration.

Example 7

A further variation on the battery configuration of Example
1 is illustrated in FIG. 15. For ease of comparison, the same
numerals are used to refer to common features of the two
batteries.

The battery of this Example comprises an alternating series
of positive and negative electrodes. The electrodes are, in
order from left to right, a lead-based battery negative elec-
trode (3), a lead dioxide battery positive electrode (5), a
negative capacitor material electrode (4), a second lead diox-
ide battery positive electrode (5), a second lead-based battery
negative electrode (3). Each of the positive is connected to a
positive conductor and the negative capacitor material elec-
trode and the lead negatives are connected a negative conduc-
tor. Each positive and negative conductors, respectively, are
connected to the positive and negative terminals of the bat-
tery. The top view of this assembly is shown in FIG. 16.

Example 8

A variation on the battery of Example 1 is illustrated in
FIGS. 17 and 18. For ease of comparison, the same numerals
are used to refer to common features of the two batteries.

The embodiment of this Example comprises three lead
dioxide positive plate electrodes (5) and two composite nega-
tive electrodes (1). The composite negative electrodes com-
prise a current collector or grid (2) with the lead-containing
paste composition described above applied to one side a
current collector or grid (2) thereof (2) and capacitor high
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surface-area carbon material paste (4) applied onto the other
side of the grid. With this configuration, the thickness of the
lead dioxide positive plate in between two composite negative
electrode can be reduced and thereby decrease the battery
weight.

Example 9

A variation on the battery of Example 1 is illustrated in
FIGS. 19,20 and 21. For ease of comparison, the same numer-
als are used to refer to common features of the two batteries.

The embodiment of this Example comprises three lead
dioxide positive plate electrodes (5) and two composite nega-
tive electrodes (1). The composite negative electrodes com-
prise a current collector or grid (2) with the lead-containing
paste composition described above applied to bottom part of
the grid (2) thereof (3) and capacitor high surface-area carbon
material paste applied to the upper part of the grid (2) thereof
(4). Note, the capacitor high surface-area carbon material not
only can be applied to the upper part, but also can be applied
to any regions of the grid (2) (e.g., bottom, left-hand side or
right-hand side of the grid). Since capacitor material is sig-
nificantly lighter than the lead negative material, the weight of
battery is reduced.

Formation of the electrode is conducted in the manner
known in the art. In a variation on this embodiment that is
simpler to manufacture, a lead based negative electrode is
prepared with lead pasted by conventional techniques to the
main body section in lead paste material, and after cured and
dried, the capacitor material is applied to the upper region of
the grid, followed by formation. The positive (5) and negative
composite electrodes (1) are positioned in an alternating
arrangement as illustrated in FIG. 19 in a battery case (7).

The positive lead dioxide electrodes (5) and negative com-
posite electrodes (1) of the embodiment illustrated in FIG. 20
can be 20-500 millimeters wide by 20-1200 millimeters high
by 0.6-5.0 millimeters thick. The carbon electrode region (4)
of the negative electrode can take up 5.0 millimeters of the
thickness of the negative electrode.

Separators (6) are located between the adjacent electrodes.
Absorptive glass microfibre (AGM) separators (5) of 0.8-5.2
millimeters in thickness are positioned between the lead-
dioxide (5) and the negative electrode (1).

The battery case (7) is filled with sulfuric acid solution (8).
The positive electrodes are connected to a positive busbar (9),
and the negative electrodes connected to a negative busbar
(10).

Example 10

A further variation on battery configuration of example 1 is
illustrated in FIGS. 22 and 23. The device includes three
composite negative electrodes (3'), which are similar to the
composite negative electrode (1) of Example 1, and two posi-
tive electrodes (1'). Each positive electrode includes a current
collector (2) with battery positive material (5) pasted thereon,
and with a coating of capacitor electrode material (4') on each
face of either cured or formed positive material, forming the
composite positive electrodes. The lead dioxide positive
material may or may not contain additives, depending on the
experiment.

The positive and negative electrodes were positioned in an
alternating arrangement as illustrated in FIG. 22 in a battery
case (7). The composite positive electrodes (1', comprising 5
and 4') were of the same range of width and height dimensions
as those of the composite negative plate. The thickness of the
composite positive plate is in the range between 0.8 to 6.5
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millimeters, owing to the layers of capacitor electrode mate-
rial coated on both faces of the positive. The battery elec-
trodes including capacitor layer were made by the methods
described in example 1.

The cells used to validate such battery configuration were
made from 4 positives and 5 negatives. The positive and
negative plates have the same width and height dimensions of
76 millimeters, have different thicknesses, i.e., 2.0 to 2.5
millimeters for positive plate and 2.3 millimeters for negative
plate. Furthermore, all the cells were made from the same
composition of composite negative plates, and had an identi-
cal positive plate composition except for the addition of dif-
ferent amounts of capacitor material coated on the lead-diox-
ide positive plates as indicated in Table 2. The cells were
subjected to the same profile (FIG. 14) and test procedure as
used in Example 6. The cell conditions and cycling perfor-
mance are shown in Table 2.

TABLE 2

Effects of amount of capacitor material coated
on the surface of positive electrode on the cell
performance.

Amount of capacitor
material coated on the

Cell positive plate surface Cyecling performance
type (wt. %)* (cycles)

R-1 Nil 1656

B-1 4 wt. % 2629

B-2 2 wt. % 3309

*weight percentage of capacitor material against the positive electrode material.

Example 11

A variation on battery configuration of Example 10 is
illustrated in FIGS. 24 and 25. For ease of comparison, the
same numerals are used to refer to common features of the
two batteries.

The embodiment of this Example comprises three compos-
ite negative electrodes (3) and two composite positive elec-
trodes (1). Each positive electrode includes a current collector
(2) with a coating of capacitor electrode material (4'), and
with a subsequent layer of battery positive material pasted
thereon (5), forming the composite positive electrodes.

During charge and discharge, there are two phenomena
that take place at the interface between the current collector
(or grid alloy) and the positive material, namely, passage of
electrons, and development of corrosion layer.

On the first point, the electrons will flow between the
current collector and the positive material during charge and
discharge. The passage of the electrons will become quicker
(or smoother) if the surface area of the interface is high. It has
been found that the coating of the carbon based capacitor
material on the current collector aids this.

On the second point, the current collector is at a risk of
corrosion in the device. The phase composition of the corro-
sion product is mainly PbO, (i.e., x=1 to 2). The corrosion
product is a non-conductive lead oxide when x is closer to 1
(i.e. less than 1.5), or is a conductive lead dioxide when x is
closer to 2. If the majority of corrosion products are made of
lead oxide, the resistance of the positive plate will increase.
The number of x is dependent upon the grid alloy composi-
tion, acid concentration and the duty under which the batter-
ies are operated. Since the carbon material is harder than the
lead alloy, the carbon particles can pin onto the surface of the
grid when applying the capacitor material onto the lead alloy
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grid. It has been found that this will cause the corrosion layer
developed during the subsequent cycling to be discontinuous
(the corrosion layer cannot develop on the surface of carbon
particles), which minimises the level of corrosion and
improves performance.

Thus, the advantages of applying the capacitor material on
the grid alloy are: (1) to promote the flow of electrons between
the grid alloy and the positive material through the increase in
the interface surface area, and (i) to minimize the formation
of the continuous corrosion layer surrounding the surface of
the grid. Overall, reduces the internal resistance of the posi-
tive plate and consequently, the plate is able to handle the
further higher discharge and charge rates.

In addition to coating the current collector with capacitor
electrode material, the lead dioxide positive material applied
on top should contain the charging-ability increasing addi-
tive, such as the tin dioxide, carbon nanofibre and/or fullerene
to increase the charging efficiency of the composite positive
plate.

Example of the preferred composition of the composite
negative and positive plates is given in Table 3.

TABLE 3
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(a) carbon nanomaterial, vapour grown carbon fibre,

fullerene, or a mixture thereof, and

(b) tin dioxide conductive materials,

and wherein the amount of the charging ability-increasing

additive in the positive electrode material is between
0.05-10% by weight, based on the total weight of posi-
tive electrode material.

2. The energy storage device of claim 1, wherein the
amount of the charging ability-increasing additive is between
0.1% and 1.0% by weight.

3. The energy storage device of claim 1, wherein the energy
storage device is a lead-acid energy storage device, wherein
the negative battery material is sponge lead, and the positive
battery material is lead dioxide, and wherein the device fur-
ther comprises sulphuric acid electrolyte.

4. The energy storage device of claim 3, wherein the posi-
tive battery electrode material on the positive electrode is
formed from a paste having a paste density of between 4.4 to
4.7 glem’.

5. The energy storage device of claim 3, wherein the posi-
tive electrode comprises a current collector that is of between
0.8 and 2.2 mm in thickness.

Preferred composition of the composite positive and negative plates.

Components Composite Negative plate Composite positive plate
Grid alloys  0.07 to 0.09 wt. % Ca 0.06 to 0.1 wt. % Ca
0.3t0 0.5 wt. % Sn 0.3 t0 0.6 wt. % Sn
(remaining is Pb) 0to 0.01 wt. % Ba
Other alloy materials may be used. (remaining is Pb)
Other alloy materials may be used.
Capacitor 45 wt. % carbon black 45 wt. % Carbon black

material

Location of

35 wt. % activated carbon

20 wt. % binder

The composition can vary as described
previously.

Coating on both surface of the battery

35 wt. % activated carbon
20 wt. % binder
The composition can vary as described previously.

Coating on the lead - alloy grid at total of about
5 wt. % respective to the weight of positive-plate
material. The broad range permissible is between

capacitor- material layer on the negative plate at total
material of 4 to 5 wt. % respective to the weight of
layer the negative battery plate material. The 1-6 wt %.

Negative and

broad range permissible is 1-7 wt %.
92 wt. % PbO (more broadly 90-95% PbO)

95 wt. % PbO (more broadly 90-98% PbO)
0.076 wt. % plastic fibre (more broadly 0.05-0.1%

4.924 wt. % H,S0, (more broadly 3-7% H,SO,)
The PbO and H,S0, convert to lead dioxide in

0.25 to 0.5 wt % carbon nanotubes or fullerene, or
more generally 0.1-15 wt %. Note VGCF and

positive 0.07 wt. % plastic fibre (more broadly 0.05-0.1%
plate plastic) plastic)
material 1.4 wt. % BaSO, (more broadly 1-2% BaSO,)
0.3 wt. % Vanisperse (more broadly 0.1-0.6%
Vanisperse) formation.
1.11 wt. % carbon black (more broadly 0.5-3%
carbon black)
5.12 wt. % H,SO, (more broadly 4-6% H,SO,)
The lead oxide and H,SO, convert to sponge
lead in formation.
Additivesto  Nil
plate
material

conductive tin dioxide can be used in place of this
at the same levels.

Many modifications may be made to the embodiments and
examples described above without departing from the spirit
and scope of the invention.

The claims defining the invention are as follows:

1. An energy storage device comprising:

at least one negative electrode comprising a mixed elec-
trode comprising:

a region of a battery electrode material and a region of a
capacitor electrode material in an amount of 1% to 15%
by weight of the battery electrode material, and
at least one positive electrode, wherein the positive elec-

trode comprises a positive battery electrode material
mixed with a charging ability-increasing additive
selected from one or a mixture of:
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6. The energy storage device of claim 3, wherein the posi-
tive battery electrode material comprises an oxygen-sup-
pressing additive.

7. The energy storage device of claim 6, wherein the oxy-
gen-suppressing additive is selected from one or more of the
following:

an oxide, hydroxide or sulfate of antimony,

an oxide, hydroxide or sulfate of bismuth, and

an oxide, hydroxide or sulfate of arsenic.

8. The energy storage device of claim 7, wherein the posi-
tive battery electrode material is formed from a paste of
positive battery electrode material applied to the positive
electrode, and wherein the oxygen-suppressing additive
includes 100-1000 ppm bismuth.
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9. The energy storage device of claim 3, wherein the
capacitor electrode material of the negative electrode com-
prises:

5-85 weight % carbon black

20-80 weight % activated carbon

0-25 weight % carbon material other than carbon black and
activated carbon, and

0-30 weight % binder.

10. The energy storage device of claim 9, including capaci-
tor additive material in an amount of up to 20 weight % of the
capacitor electrode material, the capacitor additive material
selected from the group consisting of oxides, hydroxides or
sulfates of zinc, cadmium, bismuth, lead and silver.

11. The energy storage device of claim 1, wherein the
mixed electrode comprises a current collector with two faces,
the region of battery electrode material comprises a layer of
battery electrode material covering the faces of the current
collector creating two faces of the battery electrode material,
and the region of capacitor electrode material is in the form of
a layer of capacitor electrode material that overlies both faces
of the battery electrode material.

12. The energy storage device of claim 11, wherein the
amount of the capacitor electrode material forming the region
of capacitor electrode material is from 1% to 7% by weight of
the battery electrode material.

13. The energy storage device of claim 1, wherein the
device comprises:

aplurality of said negative electrodes, each of said negative
electrode comprising:

a negative current collector with two faces, with a coating
of the negative battery electrode material on the faces of
the current collector, wherein the negative battery elec-
trode material comprises:

90-95% PbO

0.05-0.1% wt. % plastic fibre

1-2 wt. % BaSO,

0.1-0.6% wt. % organic expander

0.5-3 wt. % carbon black

4-6 wt. % H,SO,, in which the PbO and H,SO, may be
present as sponge lead following formation,

and a coating of the capacitor material on both faces of the
negative battery electrode material at a level of 1-7 wt %
based on the amount of negative battery electrode mate-
rial, the capacitor material comprising:

5-85 wt. % carbon black

20-80 wt. % activated carbon

5-25 wt. % binder, and

a plurality of said positive electrodes, each of said posi-
tive electrodes comprising:
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apositive current collector with two faces, with a coating of
a positive capacitor material on the positive current col-
lector, said positive capacitor material comprising:
5-85 wt. % carbon black
20-80 wt. % activated carbon
5-25 wt. % binder, and

a coating of'said positive battery electrode material on both
faces of' the positive capacitor material, positive the bat-
tery electrode material comprising:
90-98 wt. % PbO
0.05-0.1 wt. % plastic fibre
3-7 wt. % H,SO,, and
0.1-10 wt. % of said charging ability-increasing addi-

tive,

in which the PbO and H,SO, may be present as lead diox-

ide following formation, and in which the amount of
positive capacitor material on the positive electrode is
between 1-6 wt. % based on the positive battery elec-
trode material.

14. The energy storage device of claim 7, wherein the
positive battery electrode material is formed from a paste of
positive battery electrode material applied to the positive
electrode, and wherein the oxygen-suppressing additive
includes either or both of the following:

up to 500 ppm antimony, and

up to 500 ppm arsenic,

wherein the ppm levels refer to parts per million based on

lead oxide in the paste.

15. The energy storage device of claim 14, wherein the
positive battery electrode material is formed from a paste of
positive battery electrode material applied to the positive
electrode, and wherein the oxygen-suppressing additive
includes 100-1000 ppm bismuth.

16. An energy storage device comprising at least one nega-
tive electrode and at least one positive electrode, wherein:

at least one negative electrode is a mixed electrode com-

prising a mixture of a battery electrode material and a
capacitor electrode material, wherein the capacitor elec-
trode material constitutes 2-10% by weight of the mix-
ture of the battery electrode material and the capacitor
electrode material,

each positive electrode comprises a positive battery elec-

trode material mixed with a charging ability-increasing
additive selected from one or a mixture of

(a) carbon nanomaterial, vapour grown carbon fibre,

fullerene, or a mixture thereof, and

(b) tin dioxide conductive materials, and the amount of the

charging ability-increasing additive in the positive elec-
trode material is between 0.05-10% by weight, based on
the total weight of positive electrode material.
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